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Abstract. Diabetic liver injury is a serious complication of 
type 2 diabetes mellitus (T2DM), which is often irreversible 
in the later stage, and affects the quality of life. Autophagy 
serves an important role in the occurrence and development 
of diabetic liver injury. For example, it can improve insulin 
resistance (IR), dyslipidaemia, oxidative stress and inflamma‑
tion. Astragaloside IV (AS‑IV) is a natural saponin isolated 
from the plant Astragalus membranaceus, which has compre‑
hensive pharmacological effects, such as anti‑oxidation, 
anti‑inflammation and anti‑apoptosis properties, as well as 
can enhance immunity. However, whether AS‑IV can alleviate 
diabetic liver injury in T2DM and its underlying mechanisms 
remain unknown. The present study used high‑fat diets 
combined with low‑dose streptozotocin to induce a diabetic 

liver injury model in T2DM rats to investigate whether 
AS‑IV could alleviate diabetic liver injury and to identify 
its underlying mechanisms. The results demonstrated that 
AS‑IV treatment could restore changes in food intake, water 
intake, urine volume and body weight, as well as improve liver 
function and glucose homeostasis in T2DM rats. Moreover, 
AS‑IV treatment promoted suppressed autophagy in the liver 
of T2DM rats and improved IR, dyslipidaemia, oxidative stress 
and inflammation. In addition, AS‑IV activated adenosine 
monophosphate‑activated protein kinase (AMPK), which 
inhibited mTOR. Taken together, the present study suggested 
that AS‑IV alleviated diabetic liver injury in T2DM rats, 
and its mechanism may be associated with the promotion of 
AMPK/mTOR‑mediated autophagy, which further improved 
IR, dyslipidaemia, oxidative stress and inflammation. Thus, 
the regulation of autophagy may be an effective strategy to 
treat diabetic liver injury in T2DM.

Introduction

Type 2 diabetes mellitus (T2DM) is a severe and lifelong 
metabolic disease that is often characterised by insulin 
resistance (IR) and reduced insulin production, resulting in 
abnormally elevated blood glucose levels (1). It is estimated 
that by 2040, the number of individuals suffering from 
diabetes worldwide will reach 642 million, of which T2DM 
will account for ~90% (2). Previous studies have reported that 
metabolic disorders associated with T2DM could lead to liver 
injury, eventually resulting in a series of liver diseases such 
as fatty liver, cirrhosis and hepatocellular carcinoma (3‑5). 
Diabetic liver injury is a major complication of T2DM 
caused by a variety of factors, such as hyperglycaemia, IR, 
dyslipidaemia, oxidative stress and inflammation (5). Among 
them, dyslipidaemia, oxidative stress and inflammation are 
conceived as the most common factors contributing to IR, 
which promotes the progression of T2DM (6). However, the 
exact molecular mechanism of diabetic liver injury in T2DM 
is not fully understood.

Autophagy is the major degradation and dynamic circu‑
lation system in the cell, via which cytoplasmic materials 
are transferred to, and degraded in the lysosome for cellular 
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renovation and homeostasis (7). The impairment of autophagy 
with IR can be observed in obesity‑induced diabetes, and the 
recovery of the autophagic flux can improve IR in T2DM (8). 
Moreover, autophagy not only regulates lipid metabolism but 
also reduces oxidative stress and inflammation (9‑11). Thus, 
autophagy may be closely associated with the occurrence and 
development of diabetic liver injury in T2DM. Adenosine 
monophosphate‑activated protein kinase (AMPK), a major 
cellular energy sensor, is a key factor in maintaining meta‑
bolic homeostasis (12). Accumulating evidence has revealed 
the close relationship between AMPK and autophagy, and 
AMPK can promote autophagy by inhibiting the mTOR 
pathway, which directly dephosphorylates and inhibits down‑
stream 70‑kD ribosomal protein S6 kinase (13‑15). Therefore, 
AMPK/mTOR‑mediated autophagy may be an ideal target for 
the treatment of diabetic liver injury in T2DM.

Astragaloside IV (AS‑IV) is a natural saponin isolated 
from the plant Astragalus membranaceus. Recent studies have 
revealed that AS‑IV has anti‑oxidation, anti‑inflammation 
and anti‑apoptosis effects, and can enhance immunity (16‑18). 
Our previous studies also showed that AS‑IV exerts protective 
effects on the endoplasmic reticulum stress‑induced apoptosis 
of renal tubular epithelial cells and diabetic cardiomyopathy 
in T2DM rats (18,19). However, it remains unknown whether 
AS‑IV exerts a protective effect on diabetic liver injury 
in T2DM, and whether autophagy is involved in diabetic 
liver injury is yet to be elucidated. Therefore, the present 
study was performed to investigate the protective effect and 
molecular mechanism of AS‑IV on diabetic liver injury by 
regulating AMPK/mTOR‑mediated autophagy in T2DM rats. 
Importantly, this study may provide a potential therapy using 
AS‑IV in the prevention of diabetic liver injury in T2DM.

Materials and methods

Drug preparation. AS‑IV (purity >98%; Nanjing Zelang 
Pharmaceutical Technology Co., Ltd.) and metformin hydro‑
chloride (Met; Shanghai Shangyao Xinyi Pharmaceutical Co., 
Ltd.) were suspended in 0.5% carboxyl methyl cellulose sodium 
(CMC‑Na+) aqueous solution as an administration vehicle.

Animals and treatment. Male Sprague‑Dawley rats (age, 
6‑8 weeks; weight, 200±20 g; n=36) were purchased from the 
Shandong Experimental Animal Center (Shandong, China) 
and housed in an environment at 24±2˚C and 60±5% humidity 
with free access to water and standard diet under a 12‑h 
light/dark cycle. All animal experiments were conducted 
under protocols approved by the Ethics Review Committee of 
Anhui Medical University (approval no. LLSC20190302).

The rats were acclimatised for 1 week before the experi‑
ment and randomly allocated to a normal control group (n=6) 
and a diabetic group (n=30). In the diabetic group, rats were 
fed with high‑fat diets (HFD) containing 59.5% standard diet, 
20% sucrose, 10% egg yolk powder and 10% lard for 6 weeks, 
and were then intraperitoneally injected with 35 mg/kg strep‑
tozotocin (STZ; Shanghai Yuanye Biotechnology Co., Ltd.), 
which was dissolved in a 0.1 M citric acid‑sodium citrate 
buffer (pH 4.4). Rats in the normal control group were main‑
tained on the standard diet for 6 weeks and were then given 
the same amount of vehicle (0.1 M citric acid‑sodium citrate 

buffer, pH 4.4) via an intraperitoneal injection. After 72 h and 
7 days, the levels of fasting blood glucose (FBG) in the tail vein 
were measured with a portable glucometer (GA‑3 Sannuoyi 
accurate blood glucometer; Changsha Sannuo Biosensing 
Co., Ltd.). The success of the diabetic rats was based on FBG 
concentration ≥16.7 mmol/l (18,19).

Then, 1  week after STZ injection, diabetic rats were 
randomly divided into three subgroups according to different 
treatment methods (n=6/each subgroup): Diabetic model 
group, AS‑IV treatment group and Met treatment group, and 
were still fed a HFD. Rats in the AS‑IV and Met treatment 
groups were treated with an intragastric administration of 
AS‑IV (80 mg/kg) and Met (200 mg/kg) daily for 8 weeks, 
respectively. The normal control group and model group rats 
were treated with an equal volume of vehicle (0.5% CMC‑Na+ 
aqueous solution) daily for 8 weeks. After 8 weeks of interven‑
tion, rats were fasted overnight for 12 h and anaesthetised with 
pentobarbital sodium (30 mg/kg). Blood samples (8‑10 ml/each 
rat) were collected via the abdominal aorta for further analysis 
when the rats lost consciousness, and then the rats were eutha‑
nized by exsanguination after anaesthesia. Liver tissues were 
removed and weighed immediately for further analysis.

Measurement of food intake, water intake, urine volume, body 
weight and FBG. During the experiment, the general condi‑
tions of the rats were observed, such as food intake, water 
intake, urine volume and body weight. The food intake, water 
intake and urine volume of rats within 24 h were measured 
every 4 weeks. Additionally, at a fixed time (every Saturday 
at 8 am), the body weight of the rats was measured 1 a week, 
and the levels of FBG from the tail vein after fasting for 6 h in 
each group were measured every 2 weeks from 0 to 8 weeks of 
administration using a portable glucometer.

Oral glucose tolerance test (OGTT). The OGTT was 
performed on rats that were fasted overnight for 12 h after the 
last administration (the normal control group, diabetic model 
group, AS‑IV treatment group and Met treatment group were 
treated with CMC‑Na+ aqueous solution, CMC‑Na+ aqueous 
solution, AS‑IV and Met, respectively). Rats in each group 
were given glucose at a dose of 2 g/kg by gavage. Blood 
glucose levels were measured using the portable glucometer 
via the detection of blood samples collected from the tail vein 
at 0 (before gavage), 30, 60 and 120 min after gavage. The data 
were plotted curves of the blood glucose concentrations over 
time, and the area under the curve (AUC) was calculated.

Measurement of biochemical analyses. Blood samples were 
centrifuged at 2,000 x g for 10 min at 4˚C for analysis. Serum 
levels of alanine aminotransferase (ALT; cat. no. C009‑2‑1), 
aspartate aminotransferase (AST; cat.  no.  C010‑2‑1), 
total cholesterol (TC; cat.  no.  A111‑1), triglyceride (TG; 
cat.  no.  A110‑1‑1), high‑density lipoprotein cholesterol 
(HDL‑C; cat. no. A112‑1‑1), low‑density lipoprotein cholesterol 
(LDL‑C; cat. no. A113‑1‑1) and glycosylated serum protein 
(GSP; cat.  no.  A037‑2) were determined using the corre‑
sponding kits (Nanjing Jiancheng Bioengineering Institute) 
according to the manufacturer's instructions. The levels of 
TNF‑α (cat. no. MM‑0180R1), IL‑6 (cat. no. MM‑0190R2) 
and fasting insulin (FINS; cat. no. MM‑0587R1) in serum 
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were measured with their commercial ELISA kits (Jiangsu 
Enzyme Free Experimental Co., Ltd.) according to the manu‑
facturer's instructions. The homeostasis model assessment of 
insulin resistance (HOMA‑IR), which indicates the degree 
of IR, was calculated according to the following formula: 
HOMA‑IR=(FBGxFINS)/22.5 (20).

Detection of liver histology. Liver specimens were fixed in 4% 
paraformaldehyde at room temperature for 24‑48 h, dehydrated, 
embedded in paraffin blocks and cut into 5‑µm sections. Liver 
sections were dewaxed in xylene, rehydrated in graded alcohol 
series and rinsed under running water. Subsequently, sections 
were stained with H&E (haematoxylin 3‑5 min and eosin 30 sec, 
both at room temperature) or Masson's trichrome staining 
(cat. no. G1340; Beijing Solarbio Science & Technology Co., 
Ltd.; haematoxylin 3 min, ponceau acid fuchsin 5‑10 min, phos‑
phomolybdic acid 1‑3 min and aniline blue 3‑6 min, both at room 
temperature), and histopathological changes were examined 
under a light microscope (Olympus IX71; Olympus Corporation; 
magnification, x400). The intensity of positive areas (Masson's 
staining) was analysed using Image‑Pro Plus 6.0 analysis 
software (Media Cybernetics, Inc.) to assess liver fibrosis.

Lipid deposition was assessed via Oil red O staining in 
the liver. Briefly, liver specimens were embedded in optimal 
cutting temperature compound and sliced with a frozen slicer 
(Leica CM3050; Leica Microsystems GmbH) at a thickness 
of 10‑µm. Liver slices were fixed with 10% formalin at room 
temperature for 15 min, stained with Oil red O solution at room 
temperature for 8‑10 min and observed under a light micro‑
scope (Olympus IX71; Olympus Corporation). The intensity of 
positive areas from ≥5 random fields (magnification, x400) in 
each section was quantified using Image‑Pro Plus 6.0 analysis 
software to assess lipid deposition.

Immunohistochemistry. Liver tissues were fixed in 4% 
paraformaldehyde for 24 h at room temperature and embedded 
in liquid paraffin at room temperature, and after waiting to 
solidify, these were cut into 5‑µm sections. After dewaxing and 
rehydration, the liver sections were placed in sodium citrate 
buffer (pH 6.0) in a microwave oven for antigen retrieval (boiling 
for 5‑10 min, fire ceased for 3 min, boiling for 5‑10 min). After 
natural cooling, the sections were incubated in 3% H2O2 for 
25 min to inhibit endogenous peroxidase activity and were then 
blocked with 3% BSA (cat. no. 4240GR100; BioFroxx GmbH) 
at 37˚C for 30 min. Immunohistochemistry was performed 
using Beclin1 (cat. no. AF5128; 1:100; Affinity Biosciences), 
P62 (cat. no. AF5384; 1:100; Affinity Biosciences) and LC3 
(cat. no. AF5402; 1:100; Affinity Biosciences) primary anti‑
bodies at 4˚C overnight. The sections were then treated with 
HRP‑labelled goat anti‑rabbit secondary antibodies (cat. 
no. S0001; 1:500; Affinity Biosciences) at 37˚C for 50 min. 
Finally, DAB chromogen (cat. no. G1211; Wuhan Servicebio 
Technology Co., Ltd.) was added before counterstaining with 
haematoxylin at room temperature for 3 min. The intensity of 
positive areas from ≥5 random fields (magnification, x400) in 
each section was quantified using Image‑Pro Plus 6.0 analysis 
software.

Western blotting. Liver tissues were collected, homogenised 
and then lysed in ice‑cold RIPA lysis buffer (cat. no. P0013B; 

Beyotime Institute of Biotechnology) containing protease 
inhibitors and phosphatase inhibitors to extract the total 
proteins. The concentration of total proteins was determined 
using the enhanced BCA protein assay kit (cat. no. P0010S; 
Shanghai Beyotime Biotechnology Co., Ltd.) according to 
the manufacturer's instructions. The same amount of protein 
(30 µg) was separated by 8‑15% SDS‑PAGE and transferred 
to PVDF membranes (EMD Millipore). Then, the membranes 
were blocked with 5% fat‑free milk in TBS‑0.05% Tween-20 
(TBST) buffer at room temperature for 2 h and incubated 
overnight at  4˚C with primary antibodies against AMPK 
(cat.  no.  AF6423; 1:1,000; Affinity Biosciences), phos‑
phorylated (p)‑AMPK (cat. no. BS4010; 1:1,000; Bioworld 
Technology, Inc.), mTOR (cat.  no.  66888‑1‑lg; 1:5,000; 
ProteinTech Group, Inc.), p‑mTOR (cat. no. BS4706; 1:1,000; 
Bioworld Technology, Inc.), Beclin1 (cat.  no.  WL02508; 
1:1,000; Wanleibio Co., Ltd.), P62 (cat. no. WL02385; 1:500; 
Wanleibio Co., Ltd.), LC3 (cat.  no.  14600‑1‑AP; 1:1,000; 
ProteinTech Group, Inc.), TNF‑α (cat. no. AF7014; 1:500; 
Affinity Biosciences), IL‑6 (cat. no. BS6419; 1:1,000; Bioworld 
Technology, Inc.), heme oxygenase (HO)‑1 (cat. no. ab13243; 
1:2,000; Abcam) and β‑actin (cat.  no.  AF7019; 1:5,000; 
Affinity Biosciences). Subsequently, the membranes were 
washed with TBST buffer three times for 10 min and then 
incubated for 1 h at room temperature with the corresponding 
HRP‑conjugated secondary antibody (cat.  no.  S0001; 
1:10,000; Affinity Biosciences). An ECL reagent (Bridgen 
Co., Ltd.: http://www.bridgen.cn) was used to visualise the 
blotted proteins using a Chemi Doc TMMP Imaging system 
(Bio‑Rad Laboratories, Inc.). The density of the target bands 
was analysed semi‑quantitatively using ImageJ 1.45s software 
(National Institutes of Health) and normalised with β‑actin as 
the internal control.

Transmission electron microscopy detection. Liver specimens 
were cut into small pieces (1 mm3), and immediately fixed 
with 2.5% glutaraldehyde for 2 h at 4˚C. After washing with 
PBS, the tissues were post‑fixed in 1% osmium tetroxide for 
2 h at room temperature, dehydrated and then embedded in 
Epon 812. Ultrathin sections (thickness, 70 nm) were cut with 
an ultramicrotome (Leica UC7; Leica Microsystems GmbH) 
and double‑stained with uranyl acetate and lead citrate at 
room temperature for 15 min. Ultrastructural images were 
viewed and imaged using a transmission electron microscope 
(HT 7700; Hitachi, Ltd.; magnification, x5,000).

Statistical analysis. Data are presented as the mean ± SD of 
≥3 independent experiments. SPSS 16.0 statistical software 
(SPSS, Inc.) was used to compare differences among groups 
via a one‑way ANOVA followed by Tukey's test. Mixed 
two‑way ANOVA and Bonferroni tests were used to measure 
differences over time and between‑subject comparisons 
of treatment groups. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effects of AS‑IV on food intake, water intake, urine volume 
and body weight in T2DM rats. As shown in Fig. 1A‑C, at the 
end of the 4 and 8th weeks of the experiment, the food intake, 
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water intake and urine volume were significantly increased in 
the model group compared with the control group (P<0.001), 
while AS‑IV and Met treatment significantly decreased these 
indicators compared with the model group (P<0.05 or P<0.01), 
especially at the end of the 8th week. Furthermore, during the 
experiment, the body weight of the model group was signifi‑
cantly lower compared that of the control group (P<0.001; 
Fig. 1D), while AS‑IV and Met treatment notably inhibited the 
weight loss of the T2DM rats, but the difference was not statis‑
tically significant (P>0.05; Fig. 1D). These results support a 
feasible role for AS‑IV to improve food intake, water intake, 
urine volume and body weight in T2DM rats.

Effects of AS‑IV on liver function in T2DM rats. ALT, AST and 
the liver index of liver weight to body weight were detected to 
investigate the effect of AS‑IV on liver function in T2DM rats. 
ALT and AST, which are sensitive markers of liver function, 
are released into the blood due to the increased permeability 
of the cell membrane when liver cells are damaged, resulting 
in increased levels of ALT and AST in serum (21). The serum 
levels of ALT and AST in the model group were significantly 
higher compared with those in the control group, but were 
reversed by treatment with AS‑IV and Met (P<0.01 or P<0.001; 
Fig. 2D and E). It has been reported that the liver index, another 
indicator to evaluate liver function, is abnormally increased in 
diabetes (22). It was found that the liver index in the model 
group was significantly increased compared with that of the 
control group, but was significantly reduced by treatment with 
AS‑IV and Met (P<0.01 or P<0.001; Fig. 2F). 

To further observe liver histopathology, H&E staining 
was performed. As presented in Fig.  2A, neatly arranged 
hepatocytes without steatosis were observed in the control 
group. In the model group, disorganised hepatocytes and lipid 
droplets were notably increased. However, AS‑IV and Met 

treatment showed marked improvements, such as reduced 
liver lipid droplets and hepatic steatosis. Additionally, hepatic 
fibrosis was detected using Masson staining. Compared with 
the control group, the model group showed significant hepatic 
fibrosis with enlarged blue areas (P<0.001; Fig. 2B and C), 
suggesting collagen deposition in the liver of T2DM rats. 
By contrast, compared with the model group, the collagen 
deposition was significantly improved by the administration 
of AS‑IV and Met (P<0.01; Fig. 2B and C). These data suggest 
that AS‑IV treatment improves liver function in T2DM rats.

Effects of AS‑IV on glucose homeostasis in T2DM rats. To 
determine whether AS‑IV improves glucose homeostasis in 
T2DM rats, GSP, FBG, FINS and HOMA‑IR in serum were 
examined. In the model group, the levels of FBG, FINS, 
HOMA‑IR and GSP were significantly increased, but AS‑IV 
and Met treatment reversed the elevated levels of these indexes 
(P<0.05, P<0.01 or P<0.001; Fig. 3A‑D). Moreover, FBG and 
OGTT levels were examined by taking blood from the tail vein. 
As presented in Fig. 3E, a significant increase in FBG level was 
observed in the model group, especially at 6‑8 weeks (P<0.01 
or P<0.001). It was found that AS‑IV treatment resulted in no 
hypoglycaemic activity in the first 2 weeks, whereas long‑term 
treatment with AS‑IV (4‑8 weeks), especially at 6‑8 weeks, 
had a hypoglycaemic activity compared with the model group 
(P<0.001). In addition, the AUC of the OGTT in the model 
group was higher compared with that in the control group, 
but the elevations were significantly reversed by AS‑IV and 
Met treatment (P<0.001; Fig. 3F). Collectively, these results 
indicated that AS‑IV could improve glucose homeostasis in 
T2DM rats.

Effects of AS‑IV on dyslipidaemia and liver lipid deposition 
in T2DM rats. To determine whether AS‑IV ameliorates 

Figure 1. Effects of AS‑IV on food intake, water intake, urine volume and body weight in T2DM rats. The (A) 24 h food intake, (B) 24 h water intake and 
(C) 24 h urine volume at the end of the 4 and 8th weeks after administration. (D) Body weight from 0‑16 weeks (the administration was started on the 9th 
week). Data are presented as the mean ± SD, n=6. ***P<0.001 vs. control group; #P<0.05, ##P<0.01 vs. model group; &P<0.05 vs. 4th week. Con, Control; Mod, 
Model; AS‑IV, Astragaloside IV (80 mg/kg); Met, Metformin (200 mg/kg).
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dyslipidaemia in T2DM rats, the levels of TG, TC, LDL‑C and 
HDL‑C were detected in serum. Compared with the control 
group, the TG and TC levels were significantly increased in 
the model group, but the HDL‑C level was markedly decreased 
(P<0.001; Fig. 4C, D and F), indicating that T2DM may cause 
dyslipidaemia. By contrast, AS‑IV and Met treatment signifi‑
cantly lowered TG and TC levels, and increased HDL‑C level 
(P<0.05 or P<0.001; Fig. 4C, D and F). However, there was no 
significant change in LDL‑C levels (Fig. 4E).

H&E staining revealed a large number of vacuoles in the 
liver of the model group, while AS‑IV and Met treatment 
induced significant improvements with reduced vacuoles 
(Fig. 2A). To further confirm these findings, Oil red O staining 
was performed in the liver to assess lipid deposition. As 
illustrated in Fig. 4A and B, the lipid deposition in the model 
group was significantly increased compared with the control 
group (P<0.001), while the degree of lipid deposition was 
significantly improved after AS‑IV and Met administration 
(P<0.001). These results demonstrate that AS‑IV treat‑
ment improves dyslipidaemia and liver lipid deposition in 
T2DM rats.

Effects of AS‑IV on inflammation and oxidative stress in the 
liver of T2DM rats. To examine the level of inflammation in 
the liver, the levels of pro‑inflammatory cytokines TNF‑α 
and IL‑6 were measured. The serum levels of TNF‑α and 
IL‑6 in the model group were significantly higher compared 
with those in the control group (P<0.001; Fig. 5A and B). 
After the administration of AS‑IV and Met, the serum 

levels of inflammatory cytokines were significantly reduced 
(P<0.001; Fig. 5A and B). Similarly, the western blotting 
results demonstrated that the expression levels of TNF‑α 
and IL‑6 in the liver of the model group were increased 
significantly compared with the control group (P<0.001; 
Fig. 5C‑E). Moreover, AS‑IV and Met treatment significantly 
decreased these indexes compared with the model group 
(P<0.05 or P<0.01; Fig. 5C‑E).

HO‑1 is an important antioxidant enzyme involved in 
numerous biological processes. After oxidative stress and cell 
damage, HO‑1 expression can be upregulated (23,24). It has 
been reported that the protein expression level of HO‑1 was 
increased under the conditions of diabetes and other diseases, 
and its expression was further enhanced when the administra‑
tion of chlorogenic acid and biochanin A treatment improved 
oxidative stress (23,24). The current study further examined 
the expression level of the oxidative stress protein HO‑1 in 
the liver via western blotting. As shown in Fig. 5C and F, the 
expression level of HO‑1 was increased in the model group 
compared with the control group (P<0.05). However, compared 
with the model group, AS‑IV and Met treatment significantly 
upregulated the expression level of HO‑1 (P<0.05). The results 
suggest that AS‑IV suppresses the inflammation and oxidative 
stress in the liver of T2DM rats.

AS‑IV activates autophagy in the liver of T2DM rats. Previous 
studies have revealed that autophagy can ameliorate IR, 
dyslipidaemia, oxidative stress and inflammation (8‑11). Based 
on previous research, the current study focused on autophagy. 

Figure 2. AS‑IV attenuates liver function in T2DM rats. (A) H&E staining of liver tissues (magnification, x400). (B) Masson staining of liver tissues (magni‑
fication, x400). (C) Quantitative analysis of positive areas of Masson staining was normalised to the normal control group. (D) AST and (E) ALT levels in 
serum. (F) Ratio of liver weight to body weight. Data are presented as the mean ± SD, n=6. ***P<0.001 vs. control group; #P<0.05, ##P<0.01, ###P<0.001 vs. 
model group. Con, Control; Mod, Model; AS‑IV, Astragaloside IV (80 mg/kg); Met, Metformin (200 mg/kg); AST, aspartate aminotransferase; ALT, alanine 
aminotransferase.
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To analyse the effect of AS‑IV on autophagy under diabetic 
liver injury conditions, liver autophagy was examined using 
western blotting and immunohistochemistry to detect the 
protein levels of Beclin1, LC3 and P62 in the liver. As presented 
in Fig. 6A, B, E and F, the accumulation of Beclin1, an essen‑
tial autophagic protein in the initial stages of autophagy (25), 
was decreased in the model group (P<0.001), but it was 
significantly increased in the AS‑IV and Met treatment groups 
(P<0.01 or P<0.001). Moreover, the transformation from LC3I 
to LC3II, a marker of autophagy (26), was decreased in the 
model group, but was significantly increased by AS‑IV and 
Met treatment (P<0.05 or P<0.001; Fig. 6A, C, E and G). P62 is 
involved in the degradation of the proteasome and can reflect 
autophagy activity (27). It was found that P62 expression was 

elevated in the model group, but it was significantly decreased 
after treatment with AS‑IV and Met (P<0.05 or P<0.001; 
Fig. 6A, D, E and H).

The autophagosomes in the liver were examined using a 
transmission electron microscope to determine the occurrence 
of autophagy. Compared with the control group, the autopha‑
gosomes in the model group were inhibited, while AS‑IV and 
Met treatment increased autophagosome formation (Fig. 7). 
These results indicate that AS‑IV enhances liver autophagy 
in T2DM rats.

AS‑IV activates the AMPK/mTOR pathway in the liver of 
T2DM rats. To evaluate the potential mechanism of AS‑IV 
activation of autophagy, the AMPK/mTOR pathway, a major 

Figure 3. AS‑IV maintains glucose homeostasis in T2DM rats. (A) FBG and (B) FINS levels in serum. (C) HOMA‑IR. (D) GSP levels in serum. (E) FBG levels 
from 0‑8 weeks after intervention. (F) Oral glucose tolerance test results and AUC. Data are presented as the mean ± SD, n=6. ***P<0.001 vs. control group; 
#P<0.05, ##P<0.01, ###P<0.001 vs. model group; &P<0.05, &&P<0.01, &&&P<0.001 vs. week 0. Con, Control; Mod, Model; AS‑IV, Astragaloside IV (80 mg/kg); 
Met, Metformin (200 mg/kg); FBG, fasting blood glucose; GSP, glycosylated serum protein; FINS, fasting insulin; HOMA‑IR, homeostasis model assessment 
of insulin resistance; AUC, area under the curve.



MOLECULAR MEDICINE REPORTS  23:  437,  2021 7

pathway that regulates liver autophagy (28), was examined in 
the liver. As presented in Fig. 8A‑C, the expression level of 
p‑AMPK was significantly downregulated and the expression 

level of p‑mTOR was significantly upregulated in the model 
group compared with the control group (P<0.01 or P<0.001); 
there was no significant change in AMPK and mTOR 

Figure 4. AS‑IV improves dyslipidaemia and liver lipid deposition in T2DM rats. (A) Oil red O staining of liver tissues (magnification, x400). (B) Quantitative 
analysis of positive areas of Oil red O staining was normalised to the normal control group. (C) TG, (D) TC, (E) HDL‑C and (F) LDL‑C levels in serum. Data 
are presented as the mean ± SD, n=3‑6. ***P<0.001 vs. control group; #P<0.05, ###P<0.001 vs. model group. Con, Control; Mod, Model; AS‑IV, Astragaloside IV 
(80 mg/kg); Met, Metformin (200 mg/kg); TC, total cholesterol; TG, triglyceride; HDL‑C, high‑density lipoprotein cholesterol; LDL‑C, low‑density lipopro‑
tein cholesterol.

Figure 5. AS‑IV ameliorates inflammation and oxidative stress in the liver of T2DM rats. (A) TNF‑α and (B) IL‑6 levels in serum. (C) Protein expression 
levels of TNF‑α, IL‑6 and HO1 in the liver tissues were detected via western blotting. Semi‑quantitative analysis of (D) TNF‑α, (E) IL‑6 and (F) HO‑1 was 
normalised to β‑actin. Data are presented as the mean ± SD, n=3. ***P<0.001 vs. control group; #P<0.05, ##P<0.01, ###P<0.001 vs. model group. Con, Control; 
Mod, Model; AS‑IV, Astragaloside IV (80 mg/kg); Met, Metformin (200 mg/kg); HO‑1, heme oxygenase‑1.
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expression. However, the suppressed AMPK/mTOR pathway 
in the model group was significantly reversed by AS‑IV and 
Met treatment, as evidenced by the significantly elevated 
p‑AMPK/AMPK ratio (P<0.01 or P<0.001) and decreased 
p‑mTOR/mTOR (P<0.05 or P<0.01) ratio in the AS‑IV and 
Met treatment groups. These data suggest that AS‑IV may 
enhance autophagy via the activation of the AMPK/mTOR 
pathway in the liver of T2DM rats.

Discussion

The present study provided evidence that AS‑IV treatment 
ameliorated diabetic liver injury in T2DM rats. Furthermore, 

it was confirmed that autophagy served a crucial role in 
diabetic liver injury in T2DM rats, which is also closely 
associated with the AMPK/mTOR signalling pathway. Based 
on the protective effect of AS‑IV on diabetic liver injury by 
promoting autophagy, the current research indicated that 
AS‑IV administration may provide a potentially effective 
treatment strategy for diabetic liver injury in T2DM.

Diabetic liver injury is one of the complications in patients 
with T2DM (5). At present, there is no effective treatment 
method for diabetic liver injury, and so the effective func‑
tional ingredients from plants have become a new treatment 
method (29‑31). AS‑IV is the main active ingredient of medic‑
inal plant Astragalus membranaceus, which has been reported 

Figure 6. AS‑IV activates the suppressed autophagy in the liver of T2DM rats. (A) Representative images of Beclin1, LC3 and P62 (immunohistochemical 
staining; magnification, x400). Quantitative analysis of (B) Beclin1, (C) LC3 and (D) P62 were normalized to the normal control group. (E) Protein expression 
levels of Beclin1, LC3 and P62 in the liver tissues were detected via western blotting. Semi‑quantitative analysis of (F) Beclin1, (G) LC3 and (H) P62 was 
normalised to β‑actin. Data are presented as the mean ± SD, n=3. *P<0.05, ***P<0.001 vs. control group; #P<0.05, ##P<0.01, ###P<0.001 vs. model group. Con, 
Control; Mod, Model; AS‑IV, Astragaloside IV (80 mg/kg); Met, Metformin (200 mg/kg).



MOLECULAR MEDICINE REPORTS  23:  437,  2021 9

to possess comprehensive pharmacological effects, especially 
in diabetes (32). Previous research has confirmed that AS‑IV 
at a dose of 80 mg/kg is widely used in the study of liver 
diseases and other diseases in Sprague‑Dawley rats (33,34). 
Moreover, in our previous studies, a dose of 80 mg/kg AS‑IV 
could significantly improve the complications of diabetic rats, 
such as diabetic nephropathy and cardiomyopathy  (18,19). 
Therefore, in the current study, a concentration of AS‑IV 
80 mg/kg was used to evaluate the protective effect on diabetic 
liver injury in T2DM. 

In the present study, HFD combined with low‑dose STZ 
was used to induce a diabetic liver injury model in T2DM 
rats (18,19). It was found that the common manifestations 
of food intake, water intake and urine volume in T2DM 
were significantly increased, while body weight was signifi‑
cantly decreased in the T2DM model group. In addition, 
the levels of ALT, AST, FBG, FINS and GSP in serum and 
the liver index of liver weight to body weight were signifi‑
cantly increased. It was also observed that the pathological 
changes in the liver, including hepatocyte disorder, lipid 
deposition and collagen expression, were significantly 
increased in T2DM rats. Importantly, IR and dyslipidaemia 
appeared, and oxidative stress and inflammation levels 
were significantly increased in the liver. This confirmed the 
success of modelling in T2DM rats and the occurrence of 
diabetic liver injury. However, AS‑IV treatment relieved the 
aforementioned symptoms, indicating that AS‑IV exerted 
a protective effect on diabetic liver injury in T2DM rats. 
Additionally, the present findings revealed that AS‑IV could 

promote liver autophagy in T2DM rats by modulating the 
AMPK/mTOR pathway.

Autophagy is a key self‑repair mechanism and an impor‑
tant regulator of cellular homeostasis  (7). The basal level 
of autophagy can adapt to various stresses and is essential 
for maintaining normal liver function  (35). Accumulating 
evidence suggests that abnormal autophagy function is closely 
associated with diabetic liver injury (36,37). The present study 
observed that the liver autophagy ability was impaired in 
T2DM rats. These results are consistent with previous studies, 
and provide further support for the role of autophagy in the 
occurrence of diabetic liver injury in T2DM (36,37). The 
recovery or activation of autophagy has a protective effect 
on target organs (10,38). Similarly, the present study found 
that AS‑IV treatment normalised the autophagic activity in 
the liver of T2DM rats, suggesting that AS‑IV activated the 
suppressed autophagy in the liver of T2DM rats. Furthermore, 
it has been reported that autophagy can ameliorate IR, dyslipi‑
daemia, oxidative stress and inflammation (8‑11). In summary, 
these findings indicate that autophagy can participate in 
the occurrence and development of diabetic liver injury in 
T2DM by improving IR, dyslipidaemia, oxidative stress and 
inflammation.

The relationship between autophagy, IR and dyslipidaemia 
is important in the treatment of diabetic liver injury in 
T2DM (8,9,11). It has been reported that IR and dyslipidaemia 
are important risk factors of diabetic liver injury in T2DM (5). 
IR, a core feature of T2DM, is defined as the reduced effi‑
ciency of insulin in promoting glucose uptake and utilization, 

Figure 7. Transmission electron microscopy images showing the ultrastructure of lipids (white arrows) and autophagosomes (black arrows). n=3 for each group. 
Con, Control; Mod, Model; AS‑IV, Astragaloside IV (80 mg/kg); Met, Metformin (200 mg/kg).

Figure 8. AS‑IV activates autophagy via the AMPK/mTOR pathway in the liver of T2DM rats. (A) Protein expression levels of AMPK, p‑AMPK, mTOR and 
p‑mTOR in liver tissues were detected via western blotting. (B and C) Semi‑quantitative analysis of p‑AMPK/AMPK ratio and p‑mTOR/mTOR ratio. Data 
are presented as the mean ± SD, n=3. **P<0.01, ***P<0.001 vs. control group; #P<0.05, ##P<0.01, ###P<0.001 vs. model group. Con, Control; Mod, Model; AS‑IV, 
Astragaloside IV (80 mg/kg); Met, Metformin (200 mg/kg); p‑, phosphorylated; AMPK, adenosine monophosphate‑activated protein kinase.
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which is particularly critical for maintaining blood glucose 
stability (39). Moreover, IR can develop into obvious T2DM, 
accompanied by the loss of β‑cell function, and eventually 
leading to the loss of β‑cells (40). Dyslipidaemia usually exists 
in patients with T2DM, and becomes an important predictor of 
the development of T2DM (41). The accumulation of liver fat 
caused by dyslipidaemia leads to the weakening of the liver's 
detoxification ability (5). Additionally, the excessive accumu‑
lation of liver fat may aggravate IR and cause severe metabolic 
dysfunction (5,6). Therefore, improving IR and dyslipidaemia 
has become an important method for the treatment of diabetic 
liver injury in T2DM. 

Accumulating evidence has indicated that the enhance‑
ment of autophagy has been shown to improve IR and 
dyslipidaemia (36,42‑44). Moreover, autophagy can maintain 
the function of pancreatic β‑cells during the occurrence and 
development of diabetic liver injury in T2DM (45,46). AS‑IV 
has a protective effect on hepatic steatosis by attenuating 
IR and lipid deposition in HepG2 cells (47). In the present 
study, it was found that IR was significantly increased, and 
dyslipidaemia appeared in T2DM rats, while AS‑IV treat‑
ment improved IR and dyslipidaemia. These current findings 
suggested that AS‑IV treatment may improve the IR and 
dyslipidaemia in T2DM rats by enhancing liver autophagy.

The interaction of autophagy, oxidative stress and inflam‑
mation is crucial in the occurrence and development of 
diabetic liver injury in T2DM. Oxidative stress and inflamma‑
tion are considered to be the main factors in the progression 
of diabetes complications (6,48). Hyperglycaemia can induce 
acute oxidative stress, which stimulates tissue‑specific inflam‑
mation and participates in the pathogenesis of T2DM (48,49). 
Therefore, improving oxidative stress and inflammation has 
become an important strategy for treating diabetic liver injury 
in T2DM. It has been reported that autophagy improves cell 
damage by inhibiting oxidative stress and inflammation (50). 
Furthermore, AS‑IV can protect the kidney from damage by 
inhibiting oxidative stress and inflammation in T2DM (51). 
The present study demonstrated that oxidative stress and 
inflammation levels were significantly increased in the liver 
of T2DM rats, and AS‑IV treatment significantly improved 
oxidative stress and inflammation levels. These observations 
are consistent with other studies (23,24). These data suggested 
that AS‑IV treatment may attenuate oxidative stress and 
inflammation levels in the liver of T2DM rats by enhancing 
autophagy.

AMPK/mTOR‑mediated autophagy has been reported to 
be involved in diabetes complications (52). Previous studies 
have revealed that AS‑IV prevented podocyte injury by acti‑
vating AMPK‑mediated autophagy in diabetic nephropathy 
and promoted functional recovery after acute spinal cord 
injury by activating mTOR‑mediated autophagy (53,54). To 
identify the underlying mechanism of autophagy in diabetic 
liver injury in T2DM, the present study focused on the 
AMPK/mTOR pathway. It was found that the AMPK activity 
in the liver was decreased in T2DM rats, and was improved 
by AS‑IV treatment. Furthermore, it was demonstrated that 
AS‑IV suppressed the increase of mTOR activity in T2DM 
rats. The results suggested that AS‑IV treatment may regulate 
liver autophagy via the AMPK/mTOR pathway in diabetic 
liver injury in T2DM rats.

There are several limitations to the present study. 
First, whether autophagy was caused by the activation 
of the AMPK/mTOR pathway requires further research. 
Second, the specific relationship between autophagy and IR, 
dyslipidaemia, oxidative stress and inflammation needs to be 
further investigated. 

In conclusion, the present study demonstrated that 
AS‑IV alleviated diabetic liver injury in T2DM rats, and 
its mechanism may be associated with the promotion of 
AMPK/mTOR‑mediated autophagy, which improved IR, 
dyslipidaemia, oxidative stress and inflammation. The 
present results provide evidence for the protective effect of 
AS‑IV in diabetic liver injury in T2DM. Furthermore, regu‑
lating autophagy may be an effective strategy to improve 
diabetic liver injury in T2DM.
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